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Abslract 
A proper understanding of the behavior of food 
products requires knowledge of its st ructu re, i.e . , the 
spatial a rrangement of the va rious struc tural e lements 
and thei r interactions. T he st ructure can prope rl y be 
stud ied by visua l observation techniques. In p roducts 
such as fat spreads, creams, dress ings, cheese, bread , 
milk , yog hurt , whi pped cream , and ice c ream , differen t 
struc tural elements can be di stingui shed. A number of 
th ose e le men ts a re discussed, vi z. , water drop le ts, o il 
drop le ts, gas ce ll s, pa rti c les, fa t c rysta ls and st rand s . In 
add iti on exa mpl es o f inte rac tio ns be tween st ruc tura l c le-
ments a re presented, viz., oil drople ts/ matri x, p ro tei n/ 
protein, prote in carbohydra te, a nd fa t c rys ta l/ fa t crys ta l 
inte ractions. Final ly, it is ind ica ted how these e lements 
cooperate in the formation of struc ture and cont ribute to 
function and macroscopic behavior of food products. 
Particula r auention is given to fat spreads, processed 
cheese, protein gelation, and examples of the mutual in-
te raction of milk proteins and of carbohydrates with milk 
prote ins. It is expected that a proper understanding of 
the relation between st ructure and function will help us 
to design new ways of struciU ring in our cont inuing ef-
forts to manufacture high quality , healthy and tas ty food 
products. 
Key W ords: St ruct ure, flmcti on , food produc ts, str uc-
tura l e lements, interact ion, fa t sp reads, processed 
cheese , p rotein gelation, iS- lactog lobulin, K-carragecnan , 
mil k proteins. 
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Introducti on 
Most food products a re composed of rathe r a lim-
ited variety of structural elemen ts, such as droplets, ai r 
cells , granules, crystals, strands, mice lles and inte r-
faces. A proper unde rstand ing o f the behavior of a food 
product requi res knowledge of its st r uc ture , i.e., the 
spatia l arrangement of the st ruc tural e lements and the ir 
in teract ions. Inte rac tio n forces de termine the consisten-
cy and the ph ys ical stabilit y of food products. 
T he spat ia l a rrangement of struc tura l e lements can 
be studi ed by visua l observa ti o n techniques, such as 
light - and e lec tron microscopy (E M). Al so, th e res ult of 
the inte rac tion be tween the va rious compo nents in a sys-
tem can be studied in this manne r . Visua l observation 
techn iques are therefore an important aid in the analys is 
of food structure. 
A variety of techniques are availab le for the de-
termination of functional properties. Rheological meas-
u rements give insight into mechanical propert ies and 
consistency. Consumer panels, and rheo logica l charac-
te rizations are used to measure sen sory properties. The 
stability of a foam can be followed by visual inspection. 
It is the aim of this review to illustrate how va ri-
ous structural elements cooperate in the formation of 
structure and contribute to funct iona l prope rt ies and 
macroscopic behavio r o f food p roducts. To th is end, a 
number of struc tura l e lements, as observed by mic ro-
struc tura l tec hniques, wi ll be descr ibed as we ll as exa m-
p les o f the i r inte ract ion . F inall y, a number of food sys-
tems wi ll be discussed . 
St ru ct ur·a l E lements 
Wa ter dro p lets 
Water droplets are important structural elements 
in emulsion type food products such as margarine , butte r 
and low-fat spreads. The drop lets are stabilized by solu-
ble emulsifiers, such as monoacylglycerols and lecithins 
(Madsen , 1987) and /or by solid particles, such as fa t 
crys tals (Lucassen- Reyndcrs and van den Tempe l, 1963). 
An example of wate r drop lets stabilized by a solu-
b le emulsifier in a wate r-in-oil emu lsion , obse rved by 
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F igu re I. Water droplets in a water in oil emulsion stabilized by DKF 10 , observed by freeze- fracture EM. Arrow 
points to multilayaed shells. 
Figure 2. Water droplets (W) in a margarine, observed by thin ~sectioning EM. Linear struc!Urcs (C), indicative of 
fat crystals, can be observed in the continuous fat matrix (F). Dark structu res at th e W/F interface indica te emulsifier. 
Figure 3. Water droplets in margarine. The freeze fracture technique gives rise to two different images of water 
droplets depending on whether the sample breaks above the surface (S) of the droplet or whether the cross fracture (C) 
runs through the droplet. 
Figure 4 . Water droplets in a 25 % fat spread , obse rved by nuorcscence confocal scanning laser microscopy. Protein 
nuorescer: n uorescein isothiocyanate (F ITC). The protein is located at the oil / water inte rface. 
Figur·e 5 . Oil d ro plets in oil-in -water emul sions stabi li zed by proteins: (a) with sodium caseinate a smooth and 
homogeneou s interfacial layer is obtained. (b) with whey protein a smooth interfacial layer with some particles is 
observed. Freeze~frac tu re EM. (Counesy W . Buc hheim) . 
Figure 6 . Oil droplets (0) in homogenized milk , covered with casein micelles (a rrow) . Thin-sectioning EM. 
Figure 7. Bridge formation (arrow) between oil droplets (0) caused by fat crystallization. Freeze-fracture EM. 
Figure 8. Buller globule in butter , indicating an outer crystalline shell composed of high-melting fat, surrounding 
liqu id oil inside. Cryo SEM after de~oiling . 
Figure 9 . Distorted oil droplets in mayonnai se. CSLM. Fluorescent staining of the continuous water phase and the 
interface by Nile Blue. 
344 
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freeze fracture EM is given in Fig. 1. The emulsifier 
used is DK - FlO , which is a mixtu re of di -, tri - , and 
polyesters of hydrogenated tallow fatty acids with 
sucrose (VanVoorst Vader and Groeneweg , \989). 
Thin -sectioning EM of a wate r drop let in a marga-
rine reveals the presence of emulsifier at the inte rface 
between oil and wate r (Fig. 2). 
Freeze- fractu re EM of an 80 % fa t spread shows 
(Fig. 3) tha t fractu re occ urs either over the su r face of 
the wa te r d roplets or th roug h the dropl et. Fat crysta ls 
o n the surface o f the d ropl e ts are clearl y perceptib le, in-
d icati ng stabiliza tion by fa t c rys ta ls. Simi la r observa-
t ions have been reported (Prech t and Buch heim, 1980b). 
Wate r droplets can a lso be properly observed by 
light microscop ical techniques. Fig. 4 reveals the struc-
ture for a 25% fat spread. In this case, the droplets are 
stabilized by protein, which is located at the oil / water 
interface . 
An impo rtant aspect of wate r droplets is their size 
which innucnces both rheological and sensorial proper-
ties. Water droplets in spreads should be kept small 
(preferably < 5 llm) to reduce microbial risks (Verrips 
and Zaalbcrg, 1980: Vcrrips eta!. , 1980). Small drop-
lets induce a greasy taste (Larsson 1986, p. 22 1). 
Oil dropl cl s 
Oil or fat drop lets occur as structura l e lements in 
such diverse produc ts as milk , c rea m, cheese, mayon -
naise , dress ings, mea t products and ice c ream. Oi l 
droplets can be stabilized by high-molecular mass su r-
fac tants, suc h as prote ins or by low-molec ular mass su r-
fa ctant s such as Tweens and lecithins o r combinations 
thereof. Crystals in the oil phase may induce aggrega-
tion of the oil drop lets, resulting in partial coalescence 
(Boode, 1992 ; Boode and Walstra, 1989). The stabiliza-
tion of emulsions has been amply discussed (Larsson and 
Friberg, 1991). 
Examp les of oil droplets covered with a smooth 
interfacial protein laye r (Larsson and Friberg, 199 1, p. 
216) , observed by freeze fracture EM, are given in Fig. 
5. Fig. 6 shows milk fat droplets covered with casein 
micelles in a homogenized milk, obse rved by thin -sec-
tioning EM. 
Bridge formation between oil drop lets in an oi l-in-
water emulsion , d ue to fa t c rysta ll iza ti o n , is in d ica ted in 
F ig. 7 ( Hecrtje, 1993 ) . Such crys talliza ti o n phenomena 
a re also importan t in the product ion of b utter by chu rn -
ing (Precht and Buchhc im, 1979, 1980a). Mi lk fat glob -
ules of the original cream may surv ive the churning 
process. A butte r globule, observed by scanning EM 
(SEM, Fig 8) after deoiling (Heertjc, et a/., 1987), 
shows an outer crystalline layer composed of high-
melting fat , surrounding liquid oil inside. 
Mayonnaise is an oil-in-water emulsion containing 
a hi gh percentage of oil (80% or more). As observed 
with confocal scanning laser mic roscopy (CSLM) (Fig. 
9), this hi gh volume of oil causes the fo rmation of a 
honeycomb structu re of closely packed and often distort -
ed oil droplets. In this case, emu lsion stab ilization is 
achieved main ly by egg yo lk lec ith in. 
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Figure 10 . Air cells in a shortening . C ryo SEM. 
Figure II . Ai r cell in a churned product. The ai r 
interface is covered with fat globu les. (g) fat globules; 
(w) wate r. Cryo SEM. 
Figu1·e 12 . Air cells in a whipped cream at low (a ) and 
(b ) high magnification, showi ng inte rface stabi lized by 
fa t globu les and prote in fi lm. C ryo SEM . 
Fi gure 13. Air ce ll in whipped crea m. T he a ir ce ll is 
stabil ized by fat globules (fg) adsorbed at the interface 
an d re mnants of prote in fil m (i). T hin -sect ioni ng EM . 
(Cou rtesy B. Brooker). 
F ig ure 14 . Deformed gas cells in dough , stabi lized by 
a solid matrix of starch and protein. Cryo SEM. 
An important aspect of oil droplets is their size 
and the homogeneity of the size distribution. It may 
affect both rheological and sensorial properties. 
Cas ce lls 
In many food products , such as bread , cake, 
whipped cream, icc cream, beer , and chocolate mousse, 
gas cel ls play an important role . Foam stability depends 
on many factors. Gas ce ll s can be immobi lized in a 
so lid mat ri x, whe reas in ot her cases, stabiliza tion is 
achi eved by p rotei n film s aro und the a ir cell s. In th e 
la tter case, so lid particles can eas ily rup ture the frag il e 
foam lamellae. Also interactions at the inte rface (e.g., 
between protein and fat) may enhance foam stabil ity 
(Buchheim, 1991; Brooker, 1993). 
An example of air cells immobi lized in a solid 
matrix is given in Fig. 10. Air was dosed at an ear ly 
stage of margarine processing at low solid levels, giving 
rise to smooth round air bubbles. Deformed air bubbles 
arc found when high solid conten ts are present at the 
moment of air introduction , e .g., during churning (Fig. 
II). 
Air ce11s in a whipped cream , observed by cryo 
SEM, are presented in Figs. 12a ,b. Stabilization in this 
case is achieved by the combined action of protein and 
fat globules (Brookeret a/., 1986). Thin sect ionin g EM 
(Fig. 13) c lea rl y demonstrates the local izat io n of fa t 
globu les a t th e inte r face ( Brooker , et a/., 1986). 
Gas cell s (Fig. 14) play an impo rtan t ro le al so in 
doug h to obtain proper bread vo lume. In thi s case, the 
lamellae between the gas cells consist of a solid mat ri x 
of starch and protein. 
A foam prepared from saturated cl6 and CIS mon-
oacylglycerols shows a polyhedric structure, indicative 
of a close packing of air cells (Fig . 15). 
1t is evident that there is an enormous difference 
in shape , size and phase volume of gas cells as well as 
in the composition of foams. Such diffe rences expla in 
the wide variety of properties of foamed food products, 
such as beer and bread. Recently , a new method to de-
termine bubble size distributions in foamed food pro d-
ucts has been described (Bisperink e1 a/. , 1992; 
Akke rman eta/., 1992). 
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Starch granu les, case in micelles and ot her partic les 
Di ffe ren t varie ties of unmodified starch exhibit 
wide va riatio ns in granule appearance (Fi tt and Snyder , 
1984). Large differences in shape and size arc observed 
in starch g ranules from corn, maize , wheat, ri ce and 
po tato. 
Fig. 16 g ives an example of a nat ive wheat starch. · 
Large len ticular g ranules and small spher ical granu les 
are observed. However , in most finished food products, 
such as bread, soups, sauces and dressings, starch is not 
present in its native fo rm , but gelatinized by heating in 
the presence of water . Upon heating above the so-called 
gelat ini zation temperature, irreversib le swelling takes 
places. Even after extensive swelling, the starch 
g ranules can still be recognized. 
Microstructural changes in whea t sta rch disper-
sions during heating and cooling have been desc ribed 
(Langton and Hcrmansson , 1989). An example of a 5 % 
maize starch suspension, heated to 95 oc an d cooled to 
20 °C is shown in Fig. 17. The more com pac t region s 
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represent the irreversibly swollen g ranules which have 
been shown to be largely amylopectin , whereas the less 
dense , leached out amylose surrounds the compact 
regions . 
Th ere a re a number of serious disadvantages relat -
ed to the use of native sta rches as ingredi ents for food 
products. In recent yea rs, this has Jed to commercial 
production of a whole range of partic ulated modifi ed 
starches. Maltodex trin s fro m National Starch (N-oil ), 
Grain Process ing Corporation (Maltrin), Ceres tar (Snow-
flakes) and Avebe (Paselli SA2), should be menti o ned in 
this regard . It has been claimed that in the latter case, 
a hig h yield of unifo rm parti cles ( 1-2 1-trn) is respon sib le 
fo r the fa t mimetic properties of the resulting gel. 
In other, non-s tarch , carbohyd rate-based prod-
ucts, part icles have also been suggested to be responsible 
for fat- like properties. For example, in Slendid (Copen-
hagen Pectin Company) soft particles of Ca-pectinate are 
approximately 40 1-Lm in diameter whereas particles of 
microcrystalline cellulose (Avice! , FMC corporation) are 
approximately 0.2 I'm long . 
Al so protein pa rti c les play an important role in 
food st ructuring. Casein mice lles are an important 
component of milk. In fresh milk , the micelles are 
p resent in the fo rm of coll oidal particles of about 0 . 1 I'm 
in diameter (Fig . 18 , Kalab , 1993). Their aggregation 
behavior is responsible for such important prod uc ts as 
cheese and yog hurt . 
Other protein -based particles have been devel -
oped, the most noteworthy example being Simplesse 
(NutraSwcct Company ; Singer and Dunn , 1990), p re-
pared from egg white and whey o r milk proteins in a 
size of about 2 ~-'"' (Fig. 19) . It is claimed, that par-
ticles of this size roll easily ove r one another yielding a 
Figure IS. Air cells in a foam, prepared 
from monoglycerides, showing a poly-
hedric structure . Light microscopy. 
Figure 16 . Large lenticular and small 
spher ica l granules of wheat starch. Cryo 
SEM. 
Figure 17. Swell ing of starch g ranules 
in a 5% maize starch suspension on heat-
ing to 95 °C . (P) dense a mylopectin- rich 
zone; (A) leac hed out amy lose. Cryo 
SEM . Note: the appa rent network st ruc-
ture is induced by the freezing p rocess 
during sample preparation an d is not a 
representation of the true structu re. 
Figure 18 . Casein micelles from cows ' 
milk. Replica T EM. (Courtesy M . 
Kalab). 
Figure 19 . (a) Simplesse mic ropartic les. 
SEM after air d rying (Courtesy N. 
Singer & C.J. Pellegrin, Monsanto 
Company). (b ) 3-D view of Simplesse 
microparticles. Atomic force micros-
copy (Courtesy N. Singer, S. Chas tain , 
N . Desai, the NutraSweet Compa ny). 
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c reamy perception and a ri ch texture. This is in contrast 
with particles equal o r smaller than 0.1 I'm (e.g., casein 
micelles) which are perceived as ge lati nous and slippery . 
On the other hand, particles larger than 3.0 I'm are per-
ceived as powdery or g ritt y (Singer and Dunn, 1990). 
Fat crysta ls 
The formation of texture in fat spreads is the re-
sult of crysta ll ization of triacylg lycerol s with hi g h melt-
ing points. In general, the crys tals in food products do 
not occur as s ingle crystals, but show diffe rent types of 
aggregation. T ri acylg lycero ls crystalli ze in four differ-
ent modifications: sub-a, a, {3' and {3 (Larsson, 1986). 
The sub-a and a modifi cations are unstable and there-
fore do not exist in spread s. The {3' modification is sta-
ble but its c rystal lattice is less well ordered than that of 
the {1 modification. The {3 modification has the highest 
ordering and consequenlly the highest melting point. As 
a consequence of the rather compli cated triacylglycerol 
composition, the {1' modification is the predominant one 
in commercial fat blends. Fat crystals in the {1' modifi-
cation can be either needles or platelets (Fig. 20). 
Sometimes, a defect called sandiness o r graininess is 
observed in margarines and shortenings (Heertje, 1993). 
This phenomenon appears to be caused by th e fo rmation 
of large , and often spheruliti c, crysta l agg regates in the 
{3 mod ifi cation (Fig. 21 ). 
Str·ands 
Biopolymeres such as proteins and po lysacc ha-
rides are present in many food sys tems, often in the 
form of gels. The gels are formed by networks of poly-
mer strands. Several types of strand formation can be 
distinguished (Clark, 1987). Strands may be formed by 
aggregation of macromolecules or macromolecular as-
semblies in globular form (particularly proteins). Such 
strands usually produce particle gels (Dickinson , 1980). 
I. Heertje 
F igure 20. Fat crystals (platelets and need les) in the .B'-modification. Rep lica TEM. 
Figure 2 1. Spherulitic fat crystal aggregate in the ,8-modification. Cryo SEM. 
F igu re 22. Fine strands (a) and particle strands (b) in gels of myosin , induced by differences in ion concentration. 
SEM. (Courtesy Anne Marie Hermansson) . 
Figure 23 . Particle strands in ovalbumin gel close to its isoelectric point. SEM. 
Figure 24. Fine strands in a ,B-lactoglobulin gel at pH 8.0. Negative staining . 
Figure 25 . Strands of polysaccharides: (a) stiff strands in curd ian gels, and (b) flexible strands in gelatinized potato 
starch. Negative staining. (Courtesy T. Harada) . 
Figure 26. Strands in K-carrageenan: (a) strands in 0.1 M KCl have a large persistence length, while (b) strands in 
0.0 1 M NaCI have a small persistence length. Replica from glycerol-containing aqueous sol utions after vacuum-drying 
on mica. 
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Alternatively, st rands may consist of extended random 
coil mol ecules. These latter st rands form association 
networks with entanglements or junction zones. 
Nume rous publications deal with the formation of 
st rands fro m proteins and carbohydrates. Strand s from 
bovine myosi n show different morphologies, depending 
on ioni c st rength (Hermansson eta/., 1986; Hermansson 
and Langton, 1988). Fine strands (Fig. 22a) were 
formed at low ionic strength (0.25 M KC I), whereas 
coarse agg rega ted partic le strands (Fig. 22b) were 
form ed at hi gh ionic strength (0.6 M KC I). Similar dif-
ferenc es are reported for other , heated , proteins as a 
function of pH. Agg regated particle strands are found 
close to the isoelectric point (IEP) of the protein, where-
as fin e strands are foun d both at low and hi gh pH , away 
from the IEP (Stading and Hermansson, 199 1; Hee rtje 
and van Kl ee f, 1986 ; Harwalkar and Kal ab , 1985) . Fig. 
23 g ives an example for ovalbumin, close to its IEP and 
Fig. 24 an example for /l- lactoglobulin at pH 8.0. 
Also the morphology of strands of pol ysaccha-
rides has been amply in vest igated (Stokke and Elgsae ter , 
1987; Stokke et al., 1989; Hermansson, 1989; Harada et 
a/., 1990). St rands largely varying in size, shape , flexi -
bility an d branching can be observed . An example taken 
from th e work of Harada et af. (1990) is provided in 
Figs. 25a, b . 
Pi gs. 26a, b present micrographs of heated (80 °C) 
solution s of K-ca rrageenan in 0.1 M KCI and 0.0 1 M 
NaC l, respective ly. A strong influence of the e lec trolyte 
type and it s concentration on the size, thi ckness and 
flexibi lity (persistence len gth) of the st rands is indi ca ted 
(H ermansson eta/., 199 1). Thi s is in agreement with 
the well - known in fl uence of potassium ions on th e ge la-
ti on behavior of K-carrageenan (Morris et a f. , 1980). 
Firm cohesive gels of ~~:-carrageenan are obtained in the 
presence of potassiUm, whereas under ident ica l condi -
tions of concentration and ionic strength no gels a re 
formed in the presence of sodium. 
In teractions 
By combining the va rious st ructural elem ents dis-
cussed in the preceding section, a large number of poss i· 
bl e interaction types ca n be distinguished , such as drop· 
le t/ matri x, droplet/air cell , strand/strand , strand/pani-
cle, parti cle/droplet, crystal/crystal, crys tal/droplet, and 
dropl et/dropl e t interactions. In this section a number of 
example s will be prese nted. 
Oi l drop lets/ matrix in t erac ti on 
Various authors have discussed the importance of 
the interac tion between the dispersed phase and the con-
tinuous phase in relation to rheologi cal and senso rial 
properties (Van Vliet and Dentener- Kikker t, 1982; 
Masson and Jost, 1986; Jost e1 at., 1986; Lang ley and 
Green , 1989; Aguilera and Kess ler , 1989; Aguilera and 
Kin sella, 1991; Xiong and Kin sella, 199 1). 
Milk gels, containing fat in acid medium , have 
been studi ed as a function of fat globule membran e 
co mpositi on (Van Vl ie t and Dentener- Kikkert , 1982; 
Van Vli e t 1988). In natural (not homogenized) milk, the 
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Figure 27 . A strong interaction between the interface of 
the fat globules (f) in homogeni zed milk and the continu-
ous matrix (p) composed of casein particles. Thin -sec-
tioning EM. (Courtesy M . Kalab). 
membrane consists mainly of specific proteins and lipids 
which do not interact with the conti nuous network of ca-
sei n st rands in the acid milk gels. When the milk is 
homogenized fat globules are tran sformed into markedly 
smaller globules, cove red with milk protein s such as 
whey proteins and casein micelles. In that case, a strong 
interaction occurs between the species (i n particular ca-
sein micelles) located at th e interface between oil and 
water and the continuous mat rix as is indicated in Fig . 
27 (Kalab , 1993). This is also renected in a strong 
difference in rheological behaviou r of th e two types of 
ac id milk gels (Fig. 28). 
Similar observations are reported for oi l-i n-water 
emuls ions stabilized by heaHreated whey protein 
(Masson and l ost, 1986; Jost e / a/. , 1986; Langley and 
Green, 1989). Th e size of the di spersed oil droplets 
appears to be a very important parame ter for proper gel 
formation. Emul sion s wi th a hi gh ge lation capacity are 
characterized by a sing le dropl e t family of relatively 
narrow size distribution and a mean droplet diameter 
ranging from 0.3 -0.7 J.Lill . Ex tensive coat in g of the oil 
droplets with coagulated protein lead to a continuous gel 
structure in which the oil droplets are strong ly embedded 
( Fi g. 29, Jost e1 a/ . , 1989) . Thi s coating does not occur 
when the oil droplets are first stabili zed by lecithin. In 
the latter case , ve ry weak gels are obtained with smooth 
oi l droplets, devoid of any adsorbed p rotei n (Jost eta/., 
1989). 
Also, gels filled with fat g lobules in a mixed 
matrix of casein and whey protein have been studied 
(Agui lera and Kessler, 1989; Xiong and Kin sella , 1991; 
Agu ilera and Kin sel la, 1991). By combined microstruc-
tural and rheologica l studi es, proper insight into the 
st ructure formation o f these mixed and filled gels cou ld 
G' 
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Figu r·c 28 . Storage moduli G' of acid milk gels with 
particles divided by G' of gels without dispersed parti -
cles as a function of the volume fraction of dispersed 
particles 4>. Open symbols: interacting particles ; filled 
symbols: non-interacting particles. (Courtesy T. van 
Vliet). 
be obtained. Stabilization of the globules by whey pro-
tein resulted in the strongest gels , followed by stabiliza-
tion by sodium caseinate and skim milk powder. Stabili-
zation by Tween 80 gave relatively weak gels (Xiong 
and Kinsella, 1991). These res ults are once more ex-
plained considering th e interaction forces between the 
inte rface of the fat g lobules and the continuous protein 
mat ri x. 
These exa mpl es show the important effect of par-
ticle/mat rix interactions on the behavi or of food sys-
tems. 
Prolc in / p1·otci n int eracti on 
As a typical example of protein / protein interac-
tion, the heat induced association between ,8-lactoglob-
ulin and K-casein an d casein micelles will be discussed. 
The properties of dairy products are influenced by 
heat treatment of the milk. The influence of pre-heating 
at 85-90°C on texture, firmness and syneresis of yoghurt 
and cheese is well known (Kalab, 1993). Many studies 
attribute this effect to associations between ,8- lactoglob-
ulin and K-casein (Wheeloc k and Kirk , 1974; Davies et 
a/., 1978; Creame r eta/., 1978). A possible mechanism 
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Figure 29. Extensive coating of oil droplets with coagu-
lated whey protein , cross-linking the oil droplets. Thin-
sectioning EM). (Courtesy R. Jost) . 
of the interaction has been described (Haque, 1987) . 
Minor variations in pH were show n to have severe ef-
fects o n the adhe rence of protein aggregates to casei n 
mi ce ll es (Creamer eta!. , 1978). In thi s context, model 
expe riments with I)-lactoglobulin and casein micelles 
ha.ve been performed as a function of pH. Figs. 30 and 
31 show micrographs of the heat -induced association at 
pH 6.5 and 7.0, respectively: 
- At pH 7.0, separate micelles and thread-like 
protein st ructures are visible. At pH 6.5 , ,8- lactog lob-
ulin is concentrated on the micelles; 
- at pH 7.0, the granular micelle structure is 
clearly visible. At the lower pH, the micelles have a 
woolly , fuzzy appearance, apparently due to a reac tion 
of the outside protein with the micelle surface; 
- the separate protein panicles at pH 7.0 are in 
the form of threads with a limited length and sometimes 
a few cross-l ink s (Fig . 32). 
Apparently, a minor change in pH has a severe ef-
fect on the react ions taking place at th e micell a r su rface. 
This may be related to the properties of th e ,8- lac toglob-
ulin. It has been shown (deWit, 198 1) tha t both the heat 
stability in milk and the thermal behavior of ,B- Iactog lob-
ulin change quickly in a very narrow pH range between 
pH 6.7-7.0. 
To get a bette r insight into the nature of the free 
protein particles observed at pH 7.0, micrographs of 
heated solutions of K-casein, ,8-Jactoglobulin and of a I: I 
mixture of both proteins have been prepared. Heated K-
casein, often exhibits spherical particles (Fig. 33). 
Heated ,8- lactoglobulin shows long , irregular thread-like 
particles , which appear to be connected into a network 
(Fig. 34). The tested mixture of both proteins exhibits 
noodle-like truncated particles (Fig. 35), sim ilar to those 
observed for the interaction between (J - lac tog lobulin and 
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F igure 30 . Hea t-induced association of ,6-lactoglobu lin 
and casein micelles at p H 6.5. Strong inte raction. 
Nega tive staining. 
Figure 3 1. Hea t-induced association of ,B-Iactoglobu lin 
and casein micelles at pH 7 .0. No interact ion . Negative 
sta in ing. 
F ig ure 32. Free prote in pa rticles from the heat-induced 
association of ,8- lactog\obu lin and casei n micell es a t pH 
7.0. Nega ti ve sta ining. 
F ig ure 33 . Heated K-casei n , showing mostl y spherical 
and some extended partic les. Negative staini ng. 
Fig ure 34 . Heated ,8- lactoglobulin , showing thread-like 
particles connected into a network. Negative stain ing. 
Figure 35 . Heated mixture of K-casein and ,8- lactoglob-
ulin , showing noodle-like particles. Negat ive staining. 
casein micelles at pH 7.0 (Fig. 31). Apparently , the 
free protein particles represent the product of interaction 
between ,B- lactoglobulin and K-casein. This has been 
further substantiated by ultracentrifugat ion and electro-
ph oretic analysis (Smits and van Brouwershaven , 1980). 
These resu lt s indica te that K-casein exerts an aggrega-
tion -l imiting influence, simi lar to its rol e as a protec tive 
co ll o id in li miting the size o f casein micelles. 
Prolein /ca r·bo hydra tc inl c r·acl io n 
Protein/carbohydrate interaction can be ill ust rated 
by the reaction between !(-carrageenan and milk prote in s. 
Carrageenans are widely used as thickening agents and 
stabilizers in the food industry, in pa rticular, in neutral 
dairy products such as cocoa milk, puddings , creams, 
ice-c reams and mousses. Carrageenans are particul a rl y 
suited in neutral dairy applications due to their milk re-
activity. The milk reactivity in the pH range 6-7 is as-
cribed to an electrostatic interaction between the nega-
tive sulphate groups in carrageenan and positive charges 
in the K-cascin (Snocrcn, 1976). In this context, the in -
fluence of hea t treatment on mixtu res of K-carrageenan 
and K-casein as well as mixtu res of !(~carrageen an and 
casein mi celles was studied. 
K-ca n agcc n:1 n/ K-casci rr 
Mi crographs of K-car rageenan , K-casei n and a 
mixture of both components, heated at 60oC fo r 10 min-
utes arc presented in Fig. 36 . It shows the very fi ne 
car rageenan threads with a diameter of about 3 nm (Fig. 
36a), spheri ca l K-casein partirles with a diamete r of 
about 15 nrn (Fig. 36b) and the structu re of the mixtu re 
(Fig. 36c). Some particles of !(-casein appear to be ad-
hering to the carrageenan th reads, sometimes accompa-
nied by chain formation. Similar observations have been 
reported by Snoercn eta/. (1976) and Snoeren (1976) 
who ascribe the react ivity of K-ca rrageenan to an e lectro-
static interac tion between the negat ive sulphate groups 
in K-carrageenan and positively charged areas in the 
K-casei n. 
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F igu r·c 36 . (a) K-carrageenan, (b) K-casei n, (c) a mix-
ture of both componen ts; hea ted to 60 oC for 10 minutes. 
Replica. 
I. Heertje 
Figure 37. A mixture of K-carrageenan and casein mi -
celles hea ted to 80 °C for 10 minutes. Note the pa rti a l 
break-up of case in micelles and adherence of th e ir re m-
nants to ca rrageenan threads accompanied by chain fo r-
mation. Repli ca. 
figure 38. A mixture of K-carrageenan and casei n mi-
cell es heated to 90 °C for 15 minutes. Note the adher-
ence of casein pa rtic les o f varying size to the car ra -
geenan threads. Replica. 
K-carragec nan/cascin micelles 
Mixtures of K-ca rrageenan and casein mi cel les a t 
p H 6.6 hea ted for 10 minutes to temperatures of 60, 80 
and 90 °C have been studied. The structu re of iso la ted 
micell es has been amply described and discussed (th is 
pape r , Fig . 18). A typ ical micrograp h showing the 
356 
K·casein 
0® 
o ~ ® 
@ 
K·ca rr ageenatl 
Casein micelles K-carragoenan 
mix ture 
mixture 
figure 39 . Schematic drawing of the inte rac tions be-
tween K-carragccnan and K-cascin and casein micelles, 
respec ti ve ly . Inte raction be twee n K-carrageenan and K-
case in at 60 oC. At low tempera tures (20 and 60 oC) no 
appreciable disinteg ration o f casein mi cell es occu rs 
whe reas at high tempera tures (90 °C) a lmost complete 
disintegration occurs, accompani ed by the appearance of 
loose casein pa rti cles and the aggregation of casein 
panic les in threads. 
inte rac tion , obtained afte r heating a mixture fo r 10 min-
utes at 80 °C, is presented in Fig . 37. It shows that un-
der the influence of ca rrageenan , the micelles are partly 
disintegrated into sma ll e r units tha t partly adhe re to the 
ca rrageenan threads and fo rm cha in s. 
It further appears that the ex tent of disintegration 
of the casei n micel les depends on the heating regimen. 
At low temperatures (20 and 60 °C), no appreciable dis-
in teg ration of casein mi ce lles occurs and conseq uently, 
on ly a very limited degree of protein pa rti c le aggrega-
tion into thread s is obse rved . At hi gh temperature 
(90 °C) , almost com pl e te disi nteg ra tion of casei n micel-
les occurs, accompanied by the ap pea rance of loose ca-
sein particles as well as the agg rega tion of casei n parti-
cles into th reads. An exam ple showing the irreg ular 
build-up of di ffe rent size case in panicles on the car-
rageenan strands is prese nted in Fig. 38. A sc hematic 
drawing of these observations is shown in Fig. 39. 
The mechanism of interaction between carragee-
nan and protein s (mi lk and plant protein s) has been the 
subject of a numbe r of investigations ( Hansen , 1968; Lin 
and Hansen , 1970; Ch akrabo rty and Randolph, 1972; 
Hansen, 1982; Dea et a/ ., 199 1). crs- and ,8-casein reac t 
with carrageenan only in the presence of Ca-ions , where-
as the react ion with K-casein does no t require Ca and is 
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shown to be electrostatic in nature (Snoeren eta/. , 1976; 
Snoeren, 1976). In this view , the stabilization of a 5 -
and ,6-casein and also of plant proteins against precipita-
tion by Ca-ions is achieved by entrapping small calcium 
aggregated-protein bodies in the carrageenan struc ture 
before such bodies can furthe r agglomerate into la rge , 
colloidally unstable particles . The protein aggregates 
are considered to interact to a greater extent in some 
areas of the polysaccharide strand and not in o ther areas, 
but in no case is th e p rotei n di stribution unifor m and 
continuous over the entire carrageenan structure. T his 
behavior is asc ribed to the presence of a double he lix 
structure in th e carrageenan, which is considered to be 
a region of low protein reactiv ity . The doubl e helix 
junction zones may provide effective separation of the 
protein particles from each other, thus imparting physi -
ca l stabili ty to the system. This alternating structure of 
protein- free zones (whe re carrageenan strands are seen) 
and of protein -ri ch zones (Hansen, 1982) is presented in 
Fig. 37 , and in particular, in Fig . 38. 
Stronger ge ls are obtained by heating carrageenan 
with skim milk or case in micelles than by heating carra-
geenan alone. It is tempting to assume that this phenom-
enon is related to the present microstructural observa-
tions. Under the influence of heat, calcium -sensiti ve 
proteins such as as-casei n in casein micelles become ex-
posed (P. Smits, unpublish ed resu lts). Subsequently, a 
reaction occurs between these calcium-sensit ive proteins 
and !(-carrageenan accompanied by pa rtial disruption of 
the casein mi celles. Protein bodies, formed by aggrega-
tion under the influence of ca lcium become part of the 
carrageenan network. The stronger gel is the resu lt of 
the more homogeneo us di stribution of proteinaceous ma-
terial along the polysaccharide chains and the interaction 
between the carrageenan network and the protein bodies. 
This effect on rheol ogica l properties is compa rab le to 
the influence of panicle/ matrix interactions on rheolog i-
cal properties discussed before . 
Pro tei n/ lip id surfacta n t interaction 
Interactions of surfactants with proteins are of im -
portance in a wide variety of systems, such as biomem -
branes and pharmaceutical preparations. Also, in the 
foods area , this type of inte raction plays an important 
role (Larsson, 1986). Reactions between polar lipids 
(monoacy lglycerols and phospholipids) and p roteins are 
important in the stabilization of emulsions such as mar-
garine and ice-c rea m (Barford, 1991). 
Al so , in bakery doughs, the interaction with the 
gluten proteins is the major function of lipidic su rfactant 
molecules (Krog , 1977). 
The interaction between milk proteins and natural -
ly occurring fatly acids is the basis of a new product 
called Lipro (Lipophilized protein) (Haque, 1992). 
Lipro is claimed to be a fat-like perception enhance r and 
function s by decreasing particle/ particle interactions thus 
causing a slippery o r oily feeling. 
Fa t crysta l/ra t crysta l in tc l'ac ti o n 
Fat spreads derive their consistency from 
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interactions between fat crystals which may form a three 
dimen sional network (Figs. 40a,b). The nature of the 
interactions between the fat crystals determines the net-
work st ructure and the rheology of the fina l product. 
Two types of bonds are assumed for crysta l-crystal inter-
actions (Haighton, 1963): 
- primary bonds, which result from crys tals 
growing together at some points. These bonds are re-
garded as "i rreversib le'' , i .e . , they do not refo rm afte r 
rup ture; 
- secondary bonds, which are weak London -van 
der Waals forces, are "reversible", i.e., they do reform 
after rupture . 
According to others (Shama and Sherman, 1970), 
such a distinction between primary and secondary bonds 
is considered to be arbitrary and it was suggested that a 
true characterization should be based on th e concept of 
a spectrum of bond strengths. 
Many aspects are rel ated to the amount of fat 
crystals and the nature of the interaction between fat 
c rystals (Haighton, 1976; deMan et at., 1990). Among 
these a re : 
- the hardness of a spread depends on the amount 
of fat crystals ; 
- blend composition innuences the molecular ar-
rangement and modification of fat crys tal s and conse-
quently the strength of interactions between crystals; 
e.g., the prese nce of (1-crystals prevent s the formation 
of a con tinuous fat crystalline network of ,6' -crys tals 
(Jurittttnse ttnd Heertje , unpubli shed res ult s); 
- slowly c rystallizing blends continue to crystal-
li ze afte r packaging, which favors the formation of a 
strong network; 
- hi gh crystallization speeds give rise to many 
small crystals and soft and overworked products. 
An example of the influence of processing on the 
microstructure and rheology of a shortening is presented 
in Figs. 4la,b and 42 (Heertje et at ., 1988). In product 
(a), fully crystallized in the processi ng lin e, strong (p ri -
mary) bonds form the major part of the bond strength 
spectrum. ln product (b) , partially crysta lli zed during 
storage at rest, weak (secondary) bonds dominate. The 
rh eology (Fig. 42) is in agreement with the observed 
mi c rost ru cture. 
Exa mples of Stru cture a nd Funct io n 
l)roccssed cheese 
Processed cheese is prepared by mixing natura l 
cheese and melting salts (sodium citrate or a mixture of 
sodium. phosphates) for a period of time, the so called 
c reaming time, at a temperature of90 °C. The influence 
of creaming time on the microstructure and rheological 
properties of a pasteurized processed cheese has been 
investiga ted. 
The torque exerted on the stirrer , which can be 
considered as a measure of the viscosity of the cheese 
mass, was recorded as a function of creaming time (Fig. 
43). The structu re as a function of creaming time was 
followed by thin sectioning EM. 
I. Heertje 
F igure 40 . Crystal/crystal interactions lead to the formation of a three-dimensional fat crystalline network: (a) at low 
and (b) at high magnification. Cryo SEM after deoiling. 
Figure 4 1. Influence of processing on the microstructure of a shortening: (a) ful ly crystallized in processi ng line, 
and (b) partial ly crysta llized afte r processing, during sto rage. Cryo SEM after deo il ing. 
Figure 42. Influence of processing on the rheology of a shortening: (a) fully crystallized in processing line, and (b ) 
partially crystallized after processing, during storage. Stress strain curves obtained from parallel plate compression 
after elimination of friction. ho and h: height of the sample before and after compression respectively. Products shown 
in Fig. 41 (T = 2o•q. 
Figure 43. Torque versus time curve obtained with a torque-measuring device in a processed cheese mass. At the 
indicated positions , samples were drawn for microstructural observations. 
Figu re 44 . Processed cheese after 7 minutes creaming time (sample 1 in Fig. 43). Thin-sec tioning TEM. 
Figure 45 . Proce~sed cheese after 110 minutes creaming time (sample 2 in Fig . 43). Note beginning strand formation 
of the protein phase. Thin-sectioning TEM. 
Figure 46. Processed cheese after 160 minutes c reaming time (sample 3 in Fig . 43). Note: strong structuring of the 
protein phase with parallel alignment of st rand s. Large fat fields (F) are observed . Thin-sectioning EM. 
Figure 47. Processed cheese after 530 minutes creaming time (sample 4 in Fig. 43). Note the formation of a 
coagulated, strongly aggregated, protein phase. Thin-sectioning TEM . 
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Table I. Breaking stress (in kPa) of protein gels. 
Gel Particle 
12 % 11-Lactoglobu lin 15 
14% 11-Lactoglobulin 23 
20% Ovalbumin 20 
str•ss cr/kPa 42 
10 
Fine stranded 
4 
26 
600 
b 
a 
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I. Heertj e 
Afte r 7 minutes c ream in g time (sample 1) , struc-
turing of the protein ph ase is scarcely observable (Fig. 
44). The well -dispersed oil droplets are about I J.Lm. 
After 110 minutes (sample 2), a limited structuring in 
the form of protein st rands is observed (Fig. 45) . T he 
fat phase is not yet affected. After 160 minutes (sample 
3 , the max imum of the torque curve) , a strong structur-
ing of the protein phase with distinct and aligned protein 
strands is observed, indicating a st rong protein-protein 
interac tion (Fig. 46). Large fat field s are observed , in -
dicating an expulsion of the fat phase from the protein 
matrix . A discon tinuous p rotei n phase can be discerned 
(Fig. 47) in the st rongly overcreamed case (sample 4), 
after 530 minutes. The protein shows an aggregated 
structure, a type of internal coagulation, and fat and 
protein are present as separate phases. 
These observa tion s are in good agreement with 
macroscopic behavior. Sample I (Fi g. 44) shows typical 
liquid-like behavior , sa mples 2 (Fig. 45) and in particu-
lar 3 (Fi g. 46) have a ge l-like charac ter. Moreover , the 
latter sam pl e is brittle. Sample 4 (Fi g. 47) is softer and 
even more bri ttl e than sa mple 3. 
As is generally assu med , protein gelation involves 
the the rma l denaturat io n o f prote in mo lec ules foll owed 
by agg regation into a network ( Hermansson, 1979). The 
optimal condi tion s fo r ge l formati on are a delicate bal-
ance bet ween chain -chain and chain-so lvent interactions. 
When the chain-chain interaction is too st rong (sa mpl e 
4) , the phases may separate and undesirable product 
prope rties may develop; whe n thi s interact ion is too 
weak, no gel will be obta ined a t a ll (sample 1). 
Protein gels 
Understanding the ge lation behav ior of protein s is 
of paramount importance in o rder to manipulate the 
properties of many food systems in the context of prod-
uct or process improvement. Many studies on protein 
gelat io n have recently been published (Hermansson, 
1988; C lark, 1987) . Two di stinctly different gel types 
can be distingu ished: (i) partic le ge ls com posed of more 
or Jess spherical prote in prec ip itates which form an ir-
regular fractal structu re, and (ii ) fine st randed ge ls 
com posed of extended po lymer molec ules which fo rm 
entanglements and junction zones. The occurren ce of 
both ge l types criti cally depends on external cond itions, 
such as pH and ion concentration . 
Figs. 48 and 49 show the microst ructure of 20% 
o valb umin ge ls a t pH 5 and pH 10 respectively (Hcertje 
and van Kleef , 1986). A homogeneou s di str ibution of 
fine protein strands is observed at pH 10 , whereas an in-
hom ogeneous distribution of strongly aggrega ted pro tei n 
particles is found at pH 5 (see also Fig. 23). Conse-
quentl y , the ge l at pH 5 has a much mo re open st ructure 
than the gel at pH 10. Similar observations have been 
reported by others (C lark er a/., 1981; Stading an d 
Hermansson, 1990, 199 1 ). 
At the same time , the rheologi cal properties of the 
two gel types show grea t differences. The fine stranded 
ge ls appea r to be muc h more ex tensible than the aggre-
gated pa rticl e gels (Heertje and van Kleef, 1986; Stading 
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and Hermansson, 199 1) . However , the brea king stress 
appears to depend on the protein concentration in a com-
pl icated manner. For 12 % il-lactoglobulin gels (Stadi ng 
and Hermansson , 199 1) , the fine stranded gels at pH 7.5 
show a lower breakin g stress (4 kPa) than that of the 
parti cle ge l close to the isoelect ri c point at pH 6.0 (ap-
proximately 15 kPa). The opposite behavior is obse rved 
when the prote in concent ration is inc reased to 14 % 
(Table I , Langley era/., 1986) . In th is case , the parti-
cle gel shows a lower breaking st ress (23 kPa) than the 
fine stranded gel (26 kPa). Thi s is ascribed to the large 
d iffere nce in concentrat ions requi red for pro pe r ge l fo r-
mation (Stading and Hermansson, 199 1). Form ation of 
the open wide-pore part icle gel occurs already at a con-
cen tration of I % protein , whereas formation of the fine 
stranded gel requires a protein concentration of about 
10 %. Below this concentration , a viscous system is ob-
ta ined . Conseq uen tl y, when a fin e stranded gel is made 
close to its critical gelat ion concentration, it is soft and 
has a low breaking st ress. However, when the p rotein 
concent ra tion is wel l above the criti cal conce ntration for 
ge la ti on, the homogeneous fin e st ra nded gels wi ll be 
stronger than th e inhomogeneous partic le ge ls, because 
regions o f low protein concentration in the inhomogene-
ous ge ls will ac t as weak points , resu lting in a low 
breaking stress. 
Th e same ph eno menon is observed with the 20% 
ovalbu min gels far above the critical ge l concentration 
for bo th ge l types. Under those ci rcu mstances, the 
b reak ing st ress for the fine st randed ho mogeneous gel ::.1 
pH I 0 (600 kPa) is considerab ly highe r than that of the 
particle ge l at pH 5 (20 kPa). From th ese data, it is ap-
paren t that the increase in protein concentration does not 
strongly affect th e breaking stress of the parti cle ge l, but 
has a very great innucnce on the ultimate property of the 
fine stranded gel. This st ructural in fo rmation is highly 
relevant in understanding such func ti o nal propert ies like 
water-binding and melting behavior of protein ge ls. 
Marga rine and butt er 
Products like margarine and butte r con ta in, apa rt 
from oi l and fat , about 20% wate r whic h is present as 
finely dispersed drop lets which are seve ra l micrometers 
in diameter. Fat spreads containing 80 % fat derive th ei r 
consistency main ly from the continuous fat ph ase rathe r 
th an from the dispersed water phase. In a marga rine 1 
the con ti nuous fat phase appears to be an interconnec ted 
network structu re (see the section Fat Cr)'stal / fat cryst al 
int eraction) composed of single c rysta ls and shee t-like 
crystal agg regates (F ig. SO, J uriaa nse and Heertj e, 
1988). 
Butter shows a completely different microstruc-
ture: it has a discont inuous structure of fa t glo bules 
(F ig. 51) . Thi s example represents an extreme case, in 
wh ich many mil k fat globules of the o ri gi nal c ream per-
sisted during the churning process. In o th er cases, 
depending on the ripening procedure of the crea m and on 
working condit ions (Precht and Peters, 198 l a ,b) fewer 
globules and large r a moun ts of interglobular fa t phase 
were observed (H eertje et al., 1987; Juriaanse and 
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Figure 48 . A 20% heat-set ovalbumin gel at pH 5. 
Note: an aggregated inhomogeneous protein structure. 
Thin-sectioning TEM. 
Figure 49 . A 20% heat-se tted ovalbumin gel at pH 10. 
Note: a homogeneous structure of fine protein strand s. 
Thin-sec tioning TEM. 
Figure 50. Interconnected fat crystalline ne twork struc-
ture (f) and water droplet structu re (W) show ing a crys-
talline shell in margarine . 
Figure 51. Discontinuous structure of fat globules in 
butter. 
Figure 52 . Stress strain cu rves for butter and marga-
rine, obtained from parallel plate compression. h0 and 
h: height of sample before and after compression, re-
spec ti ve ly. The product softening, which is de termi ned 
by the ratio umar. /CJ 00 , is much more pronounced for mar-
garine than for butter. 
I. Heertje 
Hcertj e, 1988) (sec a lso the sect ion Oi l droplc ls under 
structura l c lement s). 
Summa rizing thi s in fo rmation on the microstruc-
ture of butter and margarine , it appears that margari ne is 
composed o f a co ntinuous network of fat crystals or fat 
crystal aggregates. whereas butter has a much more dis -
continuous struc ture, contain ing fat globules with no in -
terac t ion or a limited interac tion with the rest of the ma-
trix. Thi s is renected in functional properties , such as 
ha rdn ess, sp readab ility. mouth-feel, emu ls ion stab ility 
and sal t release of both products. By para llel plate com-
pression (F ig. 52). some of these properti es can be de te r-
mined. Th e maximum stress (umax) is a measure of th e 
product hardness. The product softening or pl astici ty, 
which is determined by the ra t io of the stress at in fi nit y 
(o 00 ) and the maximum st ress. appears to be much higher 
for margar ine th an for butte r. It shows that , on deforma-
tion , many more bonds are broke n in the connected mar-
ga ri ne st ructure than in the d iscont inuous butter s tru cture. 
which is in accordance wi th the observed microstructure. 
Co nclus ions 
Water. air , I ipids. proteins and polysaccharides a re 
the m::~in components of all food products. They a re often 
prese nt in a speci fic aggregat ion or di spers ion sta te: 
water as dispe rsed water dropl ets; 
- oil as dispersed o il droplets; 
- fat as crystals, crysta l aggregates. g lobu les and 
networks; 
- polysacc har ides and proteins as parti c les. 
strands. stra nds of panicles and networks. 
Functional properties arc obta ined by specific in-
teractions be tween the various str uc tural e lements. Those 
properties are stron g ly influenced by interac tions such as 
between: 
- the di spe rsed phase and the continuous phase. 
e.g .. in oi l- in-protein ge ls; 
- fat crys ta ls by fo rming con tinuous netwo rks 
(e.g .. marga rine) or weak ly-in te ract in g globul ar aggre-
gates (e.g ., butte r) ; 
- protein strands by forming fi ne stranded ge ls or 
agg regated particle gels. 
On the basis of this type of information. num ero us 
deve lopments have taken place in the past decade in th e 
design of new food produc ts and materials. In parti cular , 
biop olyrnc rs have been used in low-calori e applications as 
fat substitlltes. These developments will continue an dre-
qui re a SOlJ!ld know ledge of the relation between struc ture 
and function and how structure can be manipulated in or-
de r to achi eve proper functionality . Also , new ways of 
st ructuring may be env isaged in our cont inui ng e fforts to 
manu fac ture hig h-quality , healthy and tasty food 
produ cts. 
t\cknow lcdgmcnt 
The author gratefully acknowledges the contr ibu -
tion of many co ll eagues in Unilever Research Laborato -
rium. in particular the participation an d scientific dis -
cussions with P.J.M.W.L. Birker , J .C .G. Blank, A. C. 
Juri aanse, F.S.M. van Kl eef, P. Smits , J. Vi sser and B. 
362 
de Vr ies and the exce ll ent tec hnical ass istance or M. 
Leun is, W.J. M. van Zeij l and P. Quartel. The au tho r is 
much indebted to Drs. W . Bu ch hei m. B. E. Brooker . T . 
Harada , A. M. Hermansson, R. Jos t , M. Kalab , N. 
Singer , and T. van Vliet for providing micrographs and 
other data . 
Refe rences 
Aguilera JM , Kess ler HG {1989). Prope rt ies of 
mixed and filled -type dairy ge ls. J. Food Sci. 54 , 1213 -
12 17' 1221. 
Aguilera JM , Kinse ll a JE ( 199 1). Com pression 
strength of dairy ge ls a nd mic rostructural inte rpretation. 
J. Food Sci. 56 . 1224-1228 . 
Akkerman JC , Bisperink CGJ , Ronteltap AD 
(1992). A moving opt ica l fibre tec hnique for structure 
ana lys is of heteroge neous products: app licat ion to 
differen t food stu ffs. Food St ru ct. II , 109- 113. 
Barfo rd NM ( 199 1) . Effec ts of emu lsi fi ers on pro-
tein-fat interaction in ice cream mix during ageing 1: 
quantitative analys is. Fat Sci. Techno!. 93 , 24 -29. 
Bisperink CGJ, Akke rman JC , Pr in s A, Ronte ltap 
AD ( 1992) . A mo vi ng optica l fibre techn ique for s truc -
ture analysis o f heterogeneous produc ts: app li ca tion to the 
determination of the bubble-s ize di stribution in liquid 
foam s. Food Struct. II , 101 - 108. 
Boo de K ( 1992). Part ial coalescence in oi l-in-wate r 
em ulsions. PhD Thesis, Univ e rsit y Wageningen , the 
Nether lands . 
Boode K. Wal stra P (1989). Kine ti cs of the par ti a l 
coalescence process in oil -and-wa te r emuls ions . In : Food 
Colloids. Bee RD , Richmond P , Mingins J (eds.). Royal 
Soc ie ty of Chemistry, Ca mbridge , U. K. pp . 360-363. 
Brooker B ( 1993). The stabiliza tion of air in foo ds 
containing fat. A review . Food Struct. 12 . 115 - 122. 
Brooker BE. Anderson M. Andrews AT (1986). 
The develo pmen t of s tructu re in wh ipped c rea m. Food 
Mic rostruct. 5. 277-285. 
Buchhcim \V ( \991 ). Mic rostructu re of whippable 
emulsions. Kiel. Milchwir tsch. Forsc hungsber. 43 , 247 -
272. 
Chakraborty BK , Rando lph H E ( 1972). Stab ili za-
tion of ca lciu m sensi ti ve pl an t pro te in s by K-carrageenan. 
J. Food Sci. 37. 719-721. 
Clark AH (1987). The appli ca tion of ne twork theo-
ry to food systems. In : Food Struc ture and Behav iour. 
Blanshard JMV , Lillford P (eds.). Academ ic Press . pp . 
13 -3 5. 
Clark A H , Judge FJ , Stubbs J M , Suggett A ( 1981 ) . 
Electron mic rosco py of network stru c tures in the rmall y 
induced globular protein gels. Int. J . Pepl. Prote in Res. 
17 ' 380-392. 
Creamer LK , Berry GP , Matheson AR ( 1978). The 
effec t of pH o n protein aggrega tio n in heated skim milk. 
N.Z. J . Dairy Sc i. Tec hn . 13 , 9-15. 
Dav ies FL. Shankar PA, Brooker BE , Hobbs DG 
( 197 8). A heat induced c hange in the ultrastructure of 
milk and its effect on ge l formation in yog hurt . J . Dairy 
Res . 45. 53 -58 . 
Dea ICM, Hart RJ. Lynch G , Morri s FR (199 1). 
Structure and function of food products 
Manipulation and cont ro l of mixed carrageenan protein 
ge ls. 8th World Congress on Food Science and Technolo-
gy, Toronto. lmernatl. Union Food Sci. Techno!., Oak-
ville , Ont. , Canada. Abstracts, p. 051. 
deMan L, Postmus E, deMan JM (1990). Textural 
and physical properties of North American stic k marga-
rines. J . Am. Oi l Chern. Soc. 67 , 323-328. 
deW it J N ( 1981 ). St ructural and functional behav ior 
of whey proteins. Ncth. Milk. Dairy J. 35, 47 -64. 
Di ckin son E (1980). Particle gels . Chern. Ind ., 
October , 595-599. 
Fitt LE, Snyder EM (1984) . Photomi crographs of 
starches. In : Starch , Chemistry and Tech nology. Whistler 
RL. BeMiller JN. Pasc hall EF (eds.). Academic Press . pp . 
675-689 . 
Haighton AJ (1963). Die konsistenz von magarine 
und fetten (Consistency of margarines and fats ). Fette 
Scifen Anstrichm. 65, 479-482 (in German). 
Haighton AJ (1976). Blending. chilling and 
tempering of margarines and shortenings. J . Am. Oil 
Chern . Soc. 53 . 397-399. 
Hansen PMT ( 1968). Stabilization of a 5 -casein by 
carrageenan. J. Dairy Sci. 51 , 192-195. 
Hansen PMT (1982). Hydrocolloid-protein interac-
tions: relationship 10 stab ilization of fluid milk products . 
A review. Progr. Food Nutr. Sci. 6 , 127- 138. 
Haque ZU (1987). Interac tio n between K-cascin and 
,8-lactoglobulin : poss ible mechanism. J. Agric. Food . 
Chem. 35. 644-649. 
Haque ZU ( 1992). Influence of fat like perception 
en hancers (Lipro) nn the physi coc hemical properti es o f 
caseinate. J . Dairy Sci. 75 (Suppl. 1) , 126 (abstract}. 
Harada T, Kan.tawa Y, Koreeda A. Harada A 
( 1990). Electron microscopic studies of the ultrastructure 
of curd ian and other polysaccharides in gels used in foods . 
Food Struct. 10 . 1-18. 
Harwalkar VR. Kalab M (1985). Thermal denatura-
tion and aggregation of ,8-lactoglobulin in solution. Elec-
tron microscopic study. Milchwissenschaft 40 . 65-68 . 
Heertjc I (1993). Microstructural studies in fat 
research. Food Struct. 12. 77-94. 
Heertje I. van Kleef f-SM (1986). Observation on 
the micros tru ctllre and rheology of ovalbumin gels. Food 
Mi crostruc. 5. 91-98. 
Heertje I, Leunis M. van Zeyl WJM. Berend s E 
(1987). Product morpho logy of fatty products. Food 
Microstruct. 6 . 1-8. 
Hccrtje I, van Eendenburg J , Cornelissen JM, 
Jur iaansc AC (198 8). The effect of processing on some 
mi crostructu ral characterist ics of fat spreads. Food 
Mi crostruct. 7. 189-193. 
Hcrmansson AM ( 1979). Aggregation and denatura-
tion involved in gel formation. In: Functionality and Pro-
tein Structure. Pour-El A (ed.). ACS Symposium Series 
92, American Chemical Society. Washington DC , 81-103. 
Herma nsson AM, Harbi tz 0. Langton M (1986). 
Formation of two type of gels from bovine myosin . J . Sci. 
Food Agric . 37. 69-84. 
Hermansson AM (1988). Gel st ructure of food biD-
polymers. In: Food struc ture its creation and evaluation. 
Blanshard J M V. Mit che ll J R (eds.). Butterworth. London. 
363 
pp. 25-40. 
Hermansson AM, Langton M (1988). Filamentous 
st ru ctures of bovine myosin in diluted suspensions and 
ge ls. J. Sci. Food Agric. 42 . 355 -369. 
Hcrmansson AM (1989). Rheological and micro-
structura l evidence for transient states during ge latio n of 
K-car rageenan in the presence of potassium . Carbohydr. 
Polym. 10 , 163-181. 
Hermansson AM , Eriksson E, Jordansson E (1991). 
Effects of potassium, sodium and ca lcium on the micro-
structure and rheological behaviour o f Kappa-carragee nan 
gels. Carbohyd r . Polym . 16 , 297-320. 
Jost R, Bacchler R, Masson G ( \ 986). Heat ge lation 
of oil-in-water emu lsions stabilized by whey pro tein. J. 
Food Sci. 51 , 440-449 . 
Jos t R. Dannenberg F, Rosset J (1989). Heat-set 
gels based on oil-in-water emulsions: an application of 
whey protein functionality. Food Microst ruct. 8 , 23-28. 
Juriaanse AC, Heertje I (1988). Microstructure of 
shortenings. margarine and buuer- a review. Food Micro-
struct. 7. 181-188. 
Kalab M (1993). Practical aspects of e lect ron 
microscopy in dairy research. Food Struct. 12 , 95-114. 
Krog N ( 1977). Fun ctio ns of emulsifiers in food 
sys tems . J . Am. Oil Chem . Soc. 54. 124- 131. 
Langley KR , Mill ard D. Evans EW ( 1986). Deter-
mination of tensile strength of gl.!ls prepared from frac-
tionated whey proteins. J . Dairy Res. 53 , 285-292. 
Langley KR, Green ML (1989). Comp ress ion 
strength and fracture properties of mode l particulate food 
composites in rebtion to th eir microstructurl! and particlc-
m.:ttrix interaction. J. Text. Stud. 20. 191 -207. 
LJngtOn M, Hcrmansson AM ( 1989). M icrost ruc-
tural changes in wheat starch dispersions during heat ing 
and cooling. Food Microsrruct. 8 . 29-39. 
Larsson K (1986). Physica l properties. strucwral 
and physical characteristics. In : Lipid Handbook. 
Gunstone FD. Harwood JL . Padley FB (eds.). Chapman 
and Hall, London. pp. 321-379: 382-384. 
Larsson K, Friberg SE (cds) (1991). Food Emul-
sions, second edition. Marcel Dekker. New York. 
Lin CF. Hansen PMT (1970). Stabilization of case-
in micelles by carrageen:m. rvtacrornoleculcs 3 , 269-274. 
Lu casse n-Reynders EH. van den Tempel M ( 1963). 
Stabilization of water-in-oil emulsions by solid particles. 
J . Phy s. Chem. 67 , 731-734. 
Madsen J (1987). Emul si fier s used in marga rine, 
low calorie spread. shortening, bakery compound and 
filling. Fat Sci. Technol. 89 . 165- 172 . 
Masson G. Jos t R (1986) . A study of oi l-in -water 
emu lsions stabilized by whey protein. Colloid Po lym. Sci. 
26~. 631-638. 
Morris ER, Rees DA. Robinson G (1980). Cation 
specific aggregation of carrageenan helices: domain model 
of polymer gel structure. J. Mol. Bioi. 138. 3-l9-362. 
Precht D. Buchhei m W (1979). Elektronenmikros-
kopischen Untersuchungen Uber die physi kali sche Struktur 
von Streichfettcn (E lectronmicroscopica l investiga ti ons on 
the physical structure of fats). I. Die Mikrostruktur der 
Fcttkligelchen in Butter (The micro structure of fat globu les 
in butter). Milchwissenschaft 34 , 745 -749 (i n German). 
I . Heertje 
Precht 0 , Buc hhc im W (1980a). Elcktronenmik ros· 
kopischen Unte rsuchungen Ube r die physikalische Struktur 
von St reichcfetten (Eiectronm icroscopica l investigations o n 
the physica l structure of fats). II. Die M ik ros t ru ktur de r 
zw ischeng lobu lare n Fettphase in Butte r (The mic rostructu re 
of the inte rglobu la r fatphase in butle r). Mi lchwissenschaft 
35 , 393-398 (i n Ge rman). 
Prec ht D, Buchhci m W (1980b). Ele ktrone nmik ros -
kopisc he n Untersuc hungen liber die physikali sc he Struktur 
vo n Stre ic he fett c n (E iectro nmic roscop ical inves ti ga t io ns o n 
the phys ica l structure of fat s). 3. Die wiisse ri ge Phase in 
de r Butte r (The aqueous phase in butler) . M ilc hwissensc ha ft 
35 . 684-690 (i n Ge rman). 
Precht D, Peters KH ( 198 1a) . D ie Kons istcnz dcr 
Butter (The consistency of butte r) I. Ele kt ro ne nmi kros· 
kopi sc he Untersuchungen zum Einfluss unterschiedlic he n 
Rahmrcifungstcmpe raturen auf die Hiiufigkei t bestim mter 
Fcttklige\chc nt ype n im Rahm (E lectron microscopic studies 
on the influe nce of different cream ripening tempe ratures on 
the freque ncy of definite fat globu le types in cream). 
Milc hwissenschaft 36. 6 16·620 (in German). 
Prech t D. Pe ters KH ( 198 l b) . Die Konsi stenz dcr 
Butter (The consistency of butter) II. Zusammcnhiinge 
zwischen der submikroskopischen St ru kt ur von Rahmfett · 
kUgelc hen sow ie Dutter und de r Kons is te nz in Abhiingigkeit 
vo n spez ie ll e n physikalisc he n Rahmrei fungsve rfah re n 
(Relationships between the sub mic roscopic st ruc tu res of 
c ream fa t g lobu les as we ll as butt er and the cons istency in 
depe ndence of specia l physica l meth ods o f c rea m ri pe ning). 
Mi lchwisse nsch aft 36. 673· 676 ( in Ge rman) . 
Sham a F. She rman P (1970) . T he infl uence of wo rk 
softcuiug 0 11 the viscoelastic properties uf butte r a nd 
margarine. J. Text. Stud. I . 196·205. 
Singer NS. Dunn JM ( 1990). Protein micropa nicu la-
ti on: The principle and the process. J. Am. Coil. Nutr. 9 . 
388-397 . 
Smits P. van Brouwershaven J H ( 1980). Hea t in· 
duced associa tion of.B· Iactog lobulin and casein micelles. J . 
Dairy Res. 47 . 315-325 . 
Snoercn THM. Bot h P, Schmidt DG ( 1976). An clec· 
tron microscopic study of carrageenan and it s interac ti o n 
with K·cascin. Ncth. Milk Dairy J . 30 , 132 - 141. 
Snoeren T HM ( 1976) . K-carrageenan, a study of its 
physico-c he mica l properties . PhD T hes is . Unive rs ity 
Wagenin gc n. the Nethe rl a nds. 
Stading M , Herma nsson AM (1990). Viscoe las t ic be· 
havio ur of .B· Iac tog lobu li n ge l struc tures . Food Hyd ro· 
co ll o ids 4 , 12 1- 135. 
Stading M. Herrnansson AM ( 199 1). Large de forma· 
t ion prope rti es of {3- lactoglobu lin ge l st ruct ures . Food 
Hydroco ll oids 5 , 339-352. 
Stokke BT. Elgsacter A (1987). T he molec ular s ize 
and shape of xanthan. xy linan, bronchial mucin, alginate 
and amylose as revea led by electron microscopy. Carbo· 
hyd r. Res. 160 . 13-28. 
Stokke BT . Smisrod 0 , Elgsaeter A (1989). Electro n 
mic roscopy of native xanthan and xanthan exposed to low 
ionic stre ngth. Biopolymers 28 , 617·637 . 
Verrips CT. Zaalbe rg J ( 1980). The int rins ic mic ro· 
b ial stability o f water·in-oi l emu lsions. I. Theo ry . Eur. J . 
Appl. Mic robi a l. Biotcc hno l. 10 , 187· 196. 
Vcrrips CT. Smid D, Kerkhof A ( 1980). The int ri n· 
364 
sic mic robia l stability of water· in·oil emulsions. II. 
Expe rimenta l. Eur. J . Appl. Mic robial. Biotechnol. 10 .73-
85 . 
va n Vliet F, Dentener-Kikkert A ( 1982) . l nnue nce 
of the composition of the mil k fat globu le membrane o n t he 
rheo log ica l prope rti es of acid mi lk ge ls. Net h . M il k Dai ry 
J. 36 , 26 1-265. 
va n Vli et F ( 1988). Rheo logica l r rope rti es of filled 
ge ls. Influence o f fill e r matri x inte rac ti on. Coll oid & 
Polyme r Sci . 266 , 5 18-524. 
va n Voorst Vade r F, Groc ncweg F ( 1989). Influence 
of e mul s ifie r on the sed imentat io n o f wa te r· in ·o il e mul -
sions. In : Food C o ll oids. 13 ee RD , Richmo nd P . Mi ng ins J 
(eds.). Roya l Society of C hemist ry , Cambridge , U.K. pp . 
218-229. 
Wheelock JV, Kirk A (1974). The ro le of .B·lac to-
globulin in the primary phase of rennin acti on o n heated ca· 
scin micelles and heated milk . J. Dai ry Res . 4 1, 367-372. 
Xiong YL , Kinse lla J E ( 1991) . l nnue nce o f fat glob-
ule me mbrane composition and fat type on the rheo log ical 
prope rti es of milk based compos ite ge ls . II . Results . 
Milchwisse nschaft 46 , 207·2 12. 
Disc uss io n with Re vi ewer s 
D. F . Lewis: Why are t he fa t crysta ls at the inte rface of the 
wate r drople ts in F ig . 3 not see n as wh ite ou tlines in the 
os mium f ixed prepa ratio n o f Fig. 2? 
Auth o r : The observati on o f fat c rys ta ls de pe nds o n the de· 
g ree of unsat u rat io n of the t riacy lg lycerols (T AG) in the fat 
crystals. O nly fa t c rys ta ls composed of more o r less fu ll y 
sa turated T AG will show up as white out lines. because those 
cry sta ls will not be stained b)' the osm ium te trox ide . O nl y 
a limited amount o f those c rys tal s a rc observed in Fig. 2. 
Apart from the oil, also a large numbe r of fat c rystals with 
a more unsaturated compos ition will be stained by the osmi· 
urn tet roxide. No proper distinction between those crystals 
and the oil phase can be made . That type o f crys tals is 
mainly present at the interface. Howeve r, also some indica-
ti ons for white out lines on the interface ca n be observed. 
D. F. Le,, is : Wh y are protein foams destroyed by the p res· 
cnce of low levels of fat in some cases whilst in other cases 
fat stabilizes foams? How do cake batte rs behave in this 
respec t? 
Autho r : Various physica l aspects of the fa t phase are re-
spo ns ible fo r foam stab il iza t io n. In add iti on , the inte rac t ion 
with pro te in s at the air/wa te r inter face is impo rtant in many 
foamed sys te ms. Fa t may occ ur as fat globul es or as fat 
crystals. In t he former case, the sol id/ li quid rati o of the fat 
phase dete rmines proper foam stab il iza t ion. In the la tt e r 
c ase . the size of the crystals and the crysta l modifica t ion 
play a decisive role. Large crys tal s in the P·modifica t ion 
are often detrimental fo r foam stabilization . 
In batters for hi gh ca lorie cakes (pound cakes), air 
bubbles are initiall y stabili zed by fat. In a late r stage, 
during baking. air bubbles are t ransferred from the fa t to 
the aqueous phase . Lowering the amount o f fat in those 
formulations. below a critical conce ntration , is often detri· 
mental fo r final cake volume because the initia l stab ili zation 
of ai r bubbles by fat is no longe r poss ib le. A de ta iled re-
view on t he stabilization o f ai r in foods contai ning fat has 
recent ly been published (Broo ke r , 1993) . 
